Abstract. The paper presents a new indicator called normalized energy index (nei) in damage locating vector method (DLV) for detecting multiple damaged positions in beam and truss structures. In the DLV method, a set of load vectors, which is extracted from the change in flexibility matrix between an undamaged structure and a damaged one, is applied as static loads to the undamaged structure which are evaluated via the finite element modeling. Then, the nei values are computed for each element by using the displacements. In order to verify the accuracy and efficiency of a proposed indicator, a cantilevered beam and a 14-bay planar truss are considered.
INTRODUCTION
Structural health monitoring (SHM) is being considered as a promising field when the safety of structures is considered in construction engineering. In SHM, it is important to detect the location of the damage as well as its extent. In numerical simulation, the damage in structures is usually simulated as the reduction of elemental stiffness. The weakening of structural members usually comes along with the changes in dynamic characteristics of structures which compose of frequencies and mode shapes. These characteristics are usually captured in a vibrating structure which is excited by either wind, or moving vehicle, earthquake or shaker. Based on the modal properties, scientists have developed many different methods to identify damaged elements and their severities.
FORMULATION OF NORMALIZED ENERGY INDEX IN DLV METHOD
Three well-known concepts in damage detection methods namely: (1) flexibility matrix, (2) damage locating vectors (DLVs), and (3) strain energy will be used to formulate the normalized energy index (nei) as follows:
From modal properties of structure, the flexibility matrix is computed as follows [6] 
where F is the flexibility matrix; ω i and Φ i are the ith frequency and mass-normalized mode shape, respectively; sdof is the number of degrees of freedom. In above equation, the flexibility matrix can be well approximated by using a few low modes as
where nmod is the number of considered low modes. When a structure is damaged, the mode shapes, the frequencies and then the flexibility matrix are changed. Therefore, the change in flexibility matrix has been used as an indicator to detect damage locations. This change can be archived asF
where the indexes UD and D mean respectively undamaged and damaged structures.
In 2002, Bernal [19] has defined the DLVs as a basis for the null space of the change in flexibility. When DLVs are applied to structures as static loads, there is no stress at damaged elements and some undamaged elements (misidentified elements). Using this characteristic, we can find out the damage locations in structure. The DLVs can be calculated from the singular-value decomposition (SVD) ofF ∆ as follows
where Σ 1 is a diagonal matrix including nonzero singular values ofF ∆ ; U 1 U 0 and V 1 V 0 are orthogonal matrices. As mentioned above, DLVs generate zero stress at damaged elements and thus, obviously, it also produces zero strain energy. Consequently, we propose nei as a new indicator using strain energy of elements to pinpoint the damage locations. The procedure used to establish the indicator is based on reference [22] in which the modal strain energy is handled as a damage location method. The modal strain energy of an element corresponding to a mode shape can be presented as follows [22] 
where Φ e is the ith mode shape of the eth element and K e is the eth element stiffness matrix. The procedure of formulating nei consists of three steps. Firstly, we use displacements of the reference structure under DLVs to compute the so-called damage locating vector based strain energy (dlvse) for each element
where d e i is the displacement of the eth element when the undamaged structure is subjected to the ith DLV load. Secondly, in order to avoid inaccuracy in damage detection [22] , we normalize the dlvse e i with respect to the total strain energy as follows
where nele is the number of elements. Finally, the normalized energy index (nei) is defined for each element by the following equation
The computed nei becomes the indicator of structure in DLV method. From Eqs. (6) (7) and (8) we can see that nei of damaged elements equal zero for all DLVs due to the feature of DLVs. Unfortunately, besides causing zero stress at damaged elements, each DLV may also cause zero stress at some undamaged elements. If we use only one DLV load, nei criteria may lead to misidentify some undamaged elements in the set of identified damaged elements. One way to overcome this difficulty is that the nei should be computed from as many DLVs as possible. Indeed, the DLV loads are applied to the reference model and nei can be obtained easily by using a convenient finite element analysis (FEA). Hence, we can employ all loads to gain more accurate damage localization.
NUMERICAL EXAMPLES
To demonstrate the effectiveness of the new proposed indicator, three numerical examples namely: (1) a cantilevered beam, (2) a 2D-planar truss and (3) a 3D truss are considered in this section. Besides, the influence of noise also carried out in these examples. The damaged structures are modeled by reducing the Young's modulus of affected elements. All codes of FEA are written in Matlab (2014a) software.
Cantilevered beam
In this example, we consider a rectangular aluminum cantilevered which was previously studied to validate a damage location method by Hong Hao et al. [24] . The beam has the length of 495.3 mm, the width of 25.4 mm and the thickness of 6.35 mm. The Young's modulus of the material and the mass density are 71 GPa and 2210 kg/m 3 , respectively. The beam is divided into 20 elements of equal lengths (see Fig. 1 ). The damage is simulated by reducing in the elemental stiffness matrix at different locations of aluminum cantilevered beam. Two cases of damage are considered as shown in Tab. 1.
In case one only element 9 is reduced 30% of stiffness, while in the second case elements 4 and 8 are respectively reduced 50% and 30% of stiffness. The first six natural frequencies of intact model and damage cases are listed in Tab. 2. In practical measurements vibration data of structures, it is often impossible to avoid the presence of noise in the measurement and it is widely recognized that the natural frequencies are least contaminated by measurement noise and can generally be measured with good accuracy. As it was reported in [22] , the frequencies and mode shapes most likely to be contaminated by measurement noise with a standard error of 0.15% and 3% for the modal frequencies and mode shapes, respectively. In this example, the same level of noise for frequency and mode shape is also used for both cases of damage. Besides, the effect of level of noise for mode shapes is investigated with three different levels corresponding with 1%, 2% and 3%. For investigating influence of number of modes on the magnitude of nei values, various numbers of modes (from 1 to 6) are examined as shown in Fig. 2 and Fig. 3 for case 1 and case 2, respectively. As can be observed from these figures, the actual damaged elements can be distinguished from the others by the magnitude of nei of all elements except in case of using only the first mode for case 2. It can also be seen that when the number of modes is greater than or equal to 3, the magnitude of nei at damaged elements is inversely proportional to the number of modes. It means that the larger number of modes is employed, the more accurate the damage identification results are. Fig . 4 presents the nei values of all elements for case 1, when the flexibility matrix is approximated by using different ranges of discrete modes. It can be seen that the magnitude of nei can identify location of damage when the 1 st , 2 nd and 4 th modes are utilized. However, it is not accurate for the case of the lack of the first one or two modes. This is because the accuracy of the flexibility matrix, approximated by Eq. (1), depends mainly on the first modes. By using the first five modes, the magnitude of nei of all elements for two damage cases considering noise as described above is given in Fig. 5 . An examination of the figure demonstrates that the nei still indicates exact damaged elements for both cases of damage. In addition, the level of error for the mode shapes clearly influences on the magnitude of nei of elements. If the standard error is 1%, the nei value of damaged elements is the smallest compared with the standard error of 2% and 3%. And, the nei values of those elements for standard error of 2% is less than that of those elements for standard error of 3%. 
2D-planar truss
In this example, a 14-bay planar truss is considered to investigate the effectiveness of the proposed indicator. This truss model has been employed to verify a new mode accuracy indicator for eigensystem realization analysis (ERA) method by Gun Jin Gun et al. [24] . The planar truss consists of 53 steel bars and 28 nodes as shown in For both two damage cases of the truss, the influence of the number of modes for approximating the flexibility matrix on the magnitude of the nei values of all elements is investigated as shown in Fig. 7 and Fig. 8 . Particularly, the first 1, 2, . . . , 5 and 6 modes are considered. In Fig. 7 , the values of nei at the element 18 are almost the same and identically to zero in the case of more than one mode, while in case of one mode, it is larger than the other cases but still too small. Fig. 8 shows that when number of modes is larger than 2, the line graphs at elements 8, 18 and 31 appear three prominent peaks which represent the distinction between damaged elements and the others. On the other hand, when only the first mode or the first two modes is used the nei values may not be accurate for identifying multiple damages. Similar to the previous example, it can also be realized that the increasing of number of modes leads to the decreasing of the values of nei at damaged elements, when number of modes is larger than or equal to 3.
A comparison between the nei and ncs for case 1 is shown in Fig. 9 . Here, the ncs which is calculated based on cumulative stress of elements is firstly proposed by Bernal et al. [19] as an indicator for detecting damage in the DLV method. Both indexes are computed using the first 5 modes. It can be seen in Fig. 9 that the nei and ncs magnitudes at the 18th element are very small. However, the value of nei at the element is smaller than ncs. It is reasonable result since the nei is computed based on strain energy [21] . In the case of additive noise, the nei values of all elements for both cases using 5 modes are depicted in Fig. 10 . According to the value of nei, the damaged elements is still identified for two lower level of error (0.15% for frequencies, 1% and 2% for mode shapes). When the mode shapes are added by 3% of noise, in case 2 (two damaged elements), the value of nei may lead to some mistakes for locating damaged elements. The nei values of all elements of the 14-bay planar truss for two damage cases considering noise, 0.15% for frequencies and 1%, 2% and 3% for mode shapes
72-bar space truss
The third example is a 72-bar space truss (see Fig. 11 ), as referred to [26] . This truss has four non-structural masses attached at nodes 1-4. Material properties of the truss and the value of added masses are provided in Tab. 5. The cross section of each element group shown in Tab. 6 is taken from the optimal result of [26] . The detail of a damage case with multiple damage scenarios is given in Tab. 7. The first five frequencies of undamaged and damaged structure are presented in Tab. 8. The nei values of all elements of the truss for various numbers of modes are depicted in Fig. 12 . As can be seen in Fig. 12 , the values of nei at elements 7 and 9 are much smaller than those of the others for the cases of more than one mode. Therefore, these elements can be determined as the damaged elements. Again, as in the previous examples, the accuracy of nei in detection of damage location is influenced by number of modes. 
CONCLUSION
In this study, a so-called normalized energy index (nei) is defined and applied to structural damage detection. The indicator is calculated based on the cumulative strain energy at elements of structure. The efficiency of the proposed indicator in multiple damage detection is demonstrated through three numerical examples of beam and truss structures. The results show that for both types of structures, nei can identify successfully multiple damage cases even when only first few modes are used. Moreover, the indicator also gives good result when measurement data is added by random noise. The numerical results also indicate that the accuracy of the nei for damage identification is influenced by number of modes i.e. the larger number of modes is, the more accurate the damage identification results are.
Although the indicator nei has demonstrated its effectiveness in damage identification for beam and truss structures, it still remains some limits.
In case of using only the first mode, the nei may not identify multiple damage locations correctly. Under the effect of high level of noise, the nei requires larger number of modes to precisely locate the damage.
Besides, nei can predict damage by using a first few modes; however, this advantage may not be effective in case of the lack of some these first modes.
The results obtained in this paper will be extend for further researches such as investigating the influence of damage feature on accuracy and reliability of the proposed methods.
